ABSTRACT
INTRODUCTION
The classic bottleneck in microarray data analysis is biological interpretation of the results. In practice, this typically involves manual assessment of biological information. An application that provides a high-throughput, automated, annotation summary would expedite this step.
Gene Ontology (GO) (Ashburner et al., 2000) is a controlled vocabulary for describing genes, structured hierarchically as a directed acyclic graph (DAG), where nodes (or terms) are more general if closer to the root and more specific if closer to the leaf. For instance, 'protein tyrosine kinase' is a child node of 'protein kinase', since it represents a biological sub-class of protein kinase.
The GO Mining Tool provides an interactive visualization of the GO DAG, rendered in full levels corresponding to a user-supplied list of probe sets. Statistics are evaluated in realtime for every node based on the DAG structure of GO; the statistical information is rendered in every node along with the GO term. The graph is rendered as a heat map with color scheme based on user-supplied scores or a choice of statistics. 'Hot spots' representing highly targeted GO classes * To whom correspondence should be addressed.
can be identified readily from the colored heat map, and the associated probe sets can be retrieved interactively by clicking on the GO node. The graphical display can be zoomed in or out for ease of inspection. GO Mining Tool aids the user in quick assessment of biological features hidden in the data.
METHODS
The GO Mining Tool takes as input a text file containing probe set identifiers. Probe sets are pre-mapped to GO annotation via LocusLink IDs and other public gene identifiers. Because each GO term denotes a sub-class of the class denoted by its parent term, we consider each term as a class so that when a probe set is mapped to a GO term, it is annotated by either that term or its downstream terms. The count of probe sets mapped to a GO class is equal to the sum of probe sets annotated by either this term or its downstream terms. This concept of 'class' is used throughout the application.
Various display options are available. First, the user chooses a category of GO: biological process, molecular function or cellular component. Second, to reduce the complexity of the display, the user can filter out less significant GO nodes by setting display thresholds on either the probe set count or the χ 2 score. Third, the user selects a coloring scheme from one of the following: probe set counts, χ 2 scores or user-supplied scores. The nodes are then colored from red, transitioning into blue, forming a heat map, with red representing the largest score and blue the smallest. The user-supplied scores may represent anything from expression fold changes to composition of protein domains; this option provides additional flexibility to data mining strategies and creates an opportunity to combine different kinds of analyses with GO.
In the graphic window, a pull-down menu presents options for navigation or data display (Fig. 1) . By clicking on a node, the user may generate a sub-graph with the selected node as the root, retrieve a list of probe sets mapped to the GO class, retrieve a NetAffx annotation report (Liu et al., 2003) or link to AmiGO (http://www.godatabase.org/cgi-bin/go.cgi). The user can zoom in or out for a landscape view for finding 'hot spots' or a detailed view for browsing the biology terms. The display can be saved as an image file for reporting.
ILLUSTRATION
The GO Mining Tool is illustrated with a time-series experiment on retinoic acid (RA)-induced differentiation of transgenic myeloid progenitor (MPRO) cells (Awad et al., 2004) . Gene expression was measured at 0, 1, 2, 4 and 8 h postinduction using Affymetrix U74Av2 chips. The top 80 probe sets showing the highest expression variations across five time points were identified, as detailed elsewhere (Cheng et al., 2004) . Of the 80 probe sets, 31 have GO biological process annotations, yielding the graph shown in Figure 1 . Options were selected so that only nodes mapped with at least four probe sets are rendered, and the coloring scheme for heat map was χ 2 scores. Two fourth-level GO classes were found significantly enriched: 'transcription' and 'defense response' (Fig. 1, indicated by green circles) .
Consider the class 'transcription': 1093 probe sets (indicated in the node, Fig. 1 ) among the 6835 annotated probe sets on U74Av2 chip (top left corner, Fig. 1 ) are classified under this class; thus 10 probe sets out of 31 suggests a significant enrichment according to the χ 2 test. These findings were cross-checked and confirmed by a bootstrap test.
The NetAffx annotation report for 'transcription' lists many genes that are known for mediating immune response or expressed specifically in myeloid cells (T-cell receptor gamma, complement component 4, lymphocyte antigen 38, myeloblastosis oncogene, pre-B cell transcription factor 1). Also found are transcription factors known to mediate myeloid differentiation or leukomorphogenesis (pre-B cell transcription factor 1, T-cell specific transcription factor 7, lysine-rich leukemia gene, myeloblastosis oncogene). These findings are highly consistent with previous reports (Tenen et al., 1997) and are biologically plausible.
